The region of the Pf3 virus genome encoding its major coat protein and its single-stranded DNA-binding protein is organized somewhat like the corresponding region of the fd (M13, fl) genome. Nevertheless, the major coat protein is unique among the major coat proteins of fd and the other filamentous phages studied in that it lacks a signal sequence and appears to be a direct translation product and in that it has fewer basic amino acid residues than its equivalent of DNA phosphates in the virion. These features are relevant to considerations of both protein insertion into membranes and DNA structure in filamentous viruses. The single-stranded DNAbinding protein also has a sequence that is different from the sequences of single-stranded DNA-binding proteins from other filamentous viruses.
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Bacteriophage Pf3 infects Pseudomonas aeruginosa PAO1 bearing the RP1 plasmid (1) . It is one of a variety of filamentous viruses of Gram-negative bacteria, the best known of which are the closely related fd, fl, and M13 phages, all of which infect male strains of Escherichia coli. Other filamentous phages are Pfl (P. aeruginosa, strain K), Xf (Xanthomonas oryzae), and IKe and Ifl, both of which grow on E. coli strains bearing N and I plasmids, respectively. These viruses each contain a single-stranded circular DNA molecule encased in a slender protein sheath composed of thousands of identical protein subunits of molecular weight about 5,000 (the major coat protein) and a few copies each of a few coat proteins located at the ends of the virions (the minor coat proteins). Various comparative physical studies have shown that the packing of the DNA inside the different viruses is not the same, and also that intracellular complexes between the DNAs and their single-stranded DNA (ss DNA)-binding proteins are different (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) .
The best-characterized of these systems is that of fd (fl, M13), and it serves as the basis for comparisons (see ref. 12 for reviews). Of particular relevance to the present study is that the major coat protein subunits offd span the membrane of the infected. cell before they form a coat around the viral DNA. Their insertion into the membrane involves the processing of a signal sequence from a precursor protein. Dur- ing virus assembly, which occurs at the membrane, the viral DNA leaves its complex with its single-stranded DNA-binding protein as it becomes covered by major coat protein subunits and is extruded into the medium. The assembly and extrusion process does not cause cell lysis.
In this paper, we present the results of an investigation of a region on the genome of Pf3 that encodes the DNA-binding protein and the coat protein of this virus. Comparisons of this region of DNA in Pf3 with its fd counterpart indicate close similarities in overall organization yet quite different amino acid sequences for the structural proteins themselves and the absence of a signal sequence for the major coat protein.
MATERIALS AND METHODS
Bacteria and Bacteriophage. Pf3 bacteriophage and its host P. aeruginosa (PAO1) bearing the RP1 plasmid (1) were obtained originally from D. E. Bradley. Phage Pf3 was propagated and purified from single-plaque isolates (3, 4) . A standard medium containing 10 g of tryptone, 1 g of yeast extract, 8 g of NaCl, 1 g of glucose, and 220 mg of CaCl2 per liter was used.
DNA. Covalently closed circular duplex Pf3 DNA [replicative form (RF) DNA] was isolated from Pf3-infected P. aeruginosa, and DNA restriction fragments of it were prepared by digestions with the appropriate enzymes (14, 15) . When mixtures of fragments were used, the restriction digest was simply precipitated with ethanol and then suspended in 10 mM Tris acetate, pH 7.5. Individual fragments were separated by electrophoresis on low-melting-point agarose (Bethesda Research Laboratories; Marine Colloids, Rockland, ME), followed by passage over DEAE-cellulose (Whatman DE-52) with elution by 2 M NaCl/1 mM EDTA/10 mM Tris-HCl, pH 7.5. The DNA used for sequence analysis was a recombinant plasmid consisting of the largest EcoRI fragment (3.8 kilobases) of Pf3 DNA inserted into the cloning vector pBD214 as described (14, 15) .
Isolation of DNA-Binding Protein. The ss DNA-binding protein of Pf3 was isolated on DNA-agarose columns similar to columns used to isolate the gene 5 protein of fd (16) or by gel filtration of precursor complexes disrupted in 2 M NaCl buffer (13) .
DNA-Directed Protein Synthesis In Vitro. Cell-free extracts derived from a recB mutant strain of E. coli were used .for in vitro protein syntheses as described (17) , except that Triton X-100 at a final concentration of 0.2% was included in the incubation mixtures. Tritiated leucine was the radioactive label. 
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Biochemistry: Putterman et aL teins synthesized in vitro were detected by autoradiography performed as described (17) . Labeled and unlabeled molecular weight standards were protein mixtures obtained from Bethesda Research Laboratories.
Determination of Primary Structure. The amino acid sequence of the Pf3 major coat protein was determined by a combination of (i) automated Edman degradation and (ii) determination of the amino acid sequence of peptides obtained from trypsin and subtilisin digestion (18, 19) . The intact virus was used for both procedures. Amino acid analysis was carried out on a Durrum D 500 analyzer. Sequence analysis was by automated Edman degradation with a Beckman 890C sequencer (20) with 0.1 M Quadrol. Phenylthiohydantoins were identified by high-pressure liquid chromatography (Waters Associates) with a /uBondapak C18 column and by amino acid analysis after hydrolysis of the phenylthiohydantoin derivatives (20) . Tryptic and subtilisin peptides were isolated by high-voltage electrophoresis (21) . Manual sequence analysis was performed as described (22) .
DNA Sequence Analysis. The method of Maxam and Gilbert (23) was used, with one modification used by several laboratories: limited DNA cleavage at guanines and adenines was accomplished by incubation of labeled DNA in 67% (wt/wt) formic acid at 20'C for 5 min, with subsequent reaction steps identical to those described by Maxam and Gilbert for limited DNA cleavage at pyrimidines.
RESULTS
Protein Chemistry. The major coat protein of Pf3 has an apparent molecular weight of only -4,000 ( Fig. 1) . Under the conditions used, fd protein has a mobility corresponding to its known molecular weight of 5,240. Overloading of the gel produced aggregates of the major coat protein subunits and retarded migration rates. A faint band at -50,000 Mr could be clearly discerned in all five lanes of the original gels of P13 virus, with decreased intensity corresponding to decreased input concentrations. This band was assigned as a minor coat protein component of the virion. From the relative intensities it was surmised that the major coat protein constitutes more than 95% of the total protein in the virus, and, according to molecular weight studies, there are approximately 2,500 subunits per virion (3, 4, 14) . The ss DNAbinding protein-DNA complexes, isolated from P13-infected cells, gave a band at -6,000 Mr when disrupted and electrophoresed under the same conditions (13) .
The amino acid sequence of the P13 major coat protein is Gl-Ala AAs-p Il-Thr-Th-Il-Gl-GvAla-I le-I le-Va l-Leu-Ala--4 S 5 P--* S6 goS7 35 40 44 ,PVal-Val-Leu shown in Fig. 2 . The proposed sequence was deduced as follows. Samples of intact virus were first submitted to automated Edman degradation with a liquid-phase sequencer, which gave the sequence of 20 residues from the NH2 terminus. Two peptides were obtained after trypsin digestion (T1 and T2), and the insoluble material was redigested with subtilisin and relevant peptides were purified and partially sequenced. Their positions from residue 26 were ordered by using the DNA sequence.
The NH2 terminus of the DNA-binding protein was subjected to automated Edman degradation. The sequence obtained was: Met-Asn-(Leu or Ile)-Gln-(Leu or Ile)-Thr-PheThr-Asp-Ser-(Val or Met)-Arg-Gln-Gly-.
Location of the Genes for the Coat Protein and the ss DNABinding Protein. An in vitro system for coupled transcription and translation of DNA templates produced several proteins when programmed with double-stranded Pf3 DNA (5.8 kilobases). Three proteins were synthesized in large amounts and their molecular weights estimated from gel migration were nominally 4,000, 5,000, and 6,000 (Fig. 3, lane 3) . The smallest of these (the Mr 4,000 band) migrates with the major coat protein from the virus itself ( Fig. 1) , so the gene producing it became a candidate for the major coat protein gene. The genes producing the bands at Mr -5,000 and -6,000 were also candidates because the analogous protein in fd is post-translationally processed. Part or all of the band of Mr -6,000 was expected to be the ss DNA-binding protein (13) . The intensity of the Mr 4,000 band was dramatically reduced, virtually to zero, by using either P13 RF DNA cleaved with HindIl or the largest fragment of Pf3 DNA produced by EcoRI after further cleavage by HindIII (Fig. 3 Nucleotide sequence determinations extending in both directions from the HindIII site revealed a sequence starting 120 bases away that encoded a protein having an NH2-terminal region of 25 amino acids and a COOH-terminal region of 10 amino acids that were identical to those obtained from direct amino acid sequence determinations on the protein from the virus. In addition, the sequence of the nine intervening amino acids given by the DNA sequence could be reconciled with peptides from this region. We therefore concluded the DNA sequence was that of the (13) . The protein consists of 78 amino acids and has a molecular weight of 8,907, somewhat higher than expected on the basis of its electrophoretic mobility. The sequence of 900 bases spanning the genes for the two proteins is presented in Fig. 4 . (24) . A good Shine-Dalgarno sequence would be expected for a protein made in large amounts such as a major structural protein.
The codon GUG, sometimes used to initiate translation, occurs at nucleotide 650. Translational initiation at this GUG would have to take place with a poor Shine-Dalgarno sequence and involve subsequent cleavage of three amino acids to leave an NH2-terminal methionine. We do not consider this a likely possibility, and three amino acids would, in any case, not constitute a signal sequence of the types involved in membrane insertion mechanisms (25, 26) . On the basis of the data and these arguments, we conclude that the protein is synthesized without a signal sequence and propose that the mature protein is a direct production of translation.
All the major coat proteins of the other filamentous viruses whose sequences have been determined (Fig. 5) start with an amino acid other than methionine and hence appear to be products of post-translational processing. All have hydrophobic central domains, a characteristic of intrinsic membrane proteins. All of the viruses are extruded into the medium without cell lysis, implying similar assembly mechanisms. It seems probable that all the coat proteins are, as in fd, intrinsic membrane proteins prior to virus assembly. Because of the important role of the membrane and because of the important role of post-translational processing of a signal sequence in membrane insertion in the fd (fl, M13) system (35-38), we find it interesting that the Pf3 coat protein is not synthesized with a signal sequence and does not appear to be post-translationally processed.
Coat Protein Sequence and DNA Structure in the Virion. On average there are 2.4 nucleotides present in the virion per subunit (4, 39) , yet there are only two basic amino acids in the subunit. This situation is unique to P13 virus because the major coat proteins of the other viruses have more basic residues than their equivalent number of nucleotides in the virion. The way the phosphate charges are neutralized in Pf3 virions is therefore expected to be different from the way they are neutralized in the other systems (Fig. 5) . Another unique feature is the presence of two phenylalanines at the COOH terminus. Circular dichroism and absorbance measurements indicate the absence of base-base stacking in the virion (6, 7), and Raman spectral analysis suggests an unusual DNA backbone structure (8) . The amino acid sequence combined with the spectral data and with theoretical considerations embodied in "the pitch connection" (39) lead us to propose that the DNA structure in the Pf3 virion is an insideout or inverted helix (I-DNA) with phosphates in and bases out. The bases could interact with the two phenylalanines and the nearby tryptophan.
In spite of the large differences in sequence, especially in the basic COOH-terminal portions, significant amino acid sequence homology occurs among the coat proteins listed in (40) . Limited homologies are evident in simple pairwise comparisons between any of Pfl, Xf, and Pf3 with any fd, IKe, and Ifl, the latter three all being closely homologous.
In addition to the findings of this study, other data and theories support the existence of widely varying DNA structures in filamentous bacteriophages. The virion of Pfl has an unusual DNA structure that is probably an I type, but quite different from the I-DNA structure expected for Pf3, and the DNA structures in both of these viruses must be vastly different from more normal, right-handed DNA helices with phosphates out and bases in proposed for fd, Ifl, IKe, and Xf (5) (6) (7) (8) (9) 39 (43) , and Pfl (44) . The proteins range in size from 78 amino acids (Pf3) to 144 amino acids (Pfl). As a group, they show far less homology than the major coat proteins (13, 43) . All of the sequences begin with methionine. In the case of Pf3 the start codon is preceded six bases upstream by a good Shine-Dalgarno sequence, C-A-U-U-G-A-G-G-U-G, and a similar arrangement occurs for fd. Presumably none of the DNA-binding proteins is posttranslationally processed, as would be consistent with the fact that they are not membrane proteins. Comparative data on the complexes between these proteins and their DNAs show a variety of DNA structures, with as much or more diversity as in the virions (10, 11, 13 853) ; with one G-U pair, the transcript from this sequence could form a stem and loop structure with a 10-base-pair stem and a 4-base loop that would be followed by a U-rich 3' terminus, like those of p-independent terminators (45, 46) . This overall organization is similar to that for fd, and block diagrams of these corresponding regions of the fd and Pf3 genomes are presented in (48) (49) (50) . The assigned promoters have reasonable positions with respect to the two known genes and the proposed terminator sequence. The separation of the Pf3 major coat protein gene from the three assigned promoters (through HindIII cleavage at nucleotide 540) virtually eliminates the in vitro production of coat protein (Fig. 3) . Also, supercoiled Pf3 RF DNA yields a larger relative amount of the major coat protein, but about the same amount of the DNA-binding protein (data not shown), suggesting at least two transcriptional control units. Proc. NatL Acad Sci. USA 81 (1984) Proc. NatL. Acad. Sci. USA 81 (1984) 703 In fd, transcripts of different sizes all contain the coat protein sequence (50) (51) (52) (53) .
With respect to translational control, we find it interesting that the last seven bases of the two Shine-Dalgarno sequences proposed for the major coat protein and the ss DNA-binding protein are identical. Both sequences show extensive complementarity with the 3' termini of E. coli and P. aeruginosa 16S RNA, consistent with strong expression both in vivo and in the in vitro system. Molecular Evolution. All known filamentous phages have the same overall morphology and appear to have similar life cycles. The rather widely variant fd and Pf3 have similar organization over part, if not all, of their genomes (this study and ref. 14) . These facts and the partial homologies in the sequences of the major coat proteins suggest that the variety of actual sequences observed is the result of divergent evolution from an ancestral host-virus system. This appears more likely than convergent evolution to partially homologous proteins. Divergent evolution of these systems implies the occurrence of evolutionary steps that have altered the structure of DNA within the virions, and that have introduced, or have eliminated, signal sequences on the major coat proteins.
Note Added in Proof. After this manuscript was submitted, a publication of the sequence of 415 bases spanning the major coat protein gene of Pt3 appeared (54) . The T at our nucleotide 676 was adopted from the published results of Luiten et al. (54) because our data, in spite of sequence determinations on both strands, indicated an ambiguous C at this third position in a codon for threonine.
